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Abstract—A novel fixed frequency beam scanning leaky-wave 
antenna based on a period-reconfigurable structure is presented. 
Operating at 5GHz, the antenna consists of a slotted substrate 
integrated waveguide and 54 electrically small patches. Each patch 
element is etched with two dumbbell-shaped slots, and its 
operating state can be flexibly controlled by the biasing of PIN 
diode on a parasitic strip. An ideal array model employing 
isotropic point sources is used for the analysis on the scanning 
mechanism, based on which a new method for suppressing the 
higher-order space harmonics is developed. Using this method, the 
mono-harmonic radiation range can be dramatically extended, 
and a wide-angle beam scanning can be achieved by manipulating 
the period length of the leaky-wave antenna. An FPGA controlling 
platform is designed for the electronic control of the antenna. The 
measured results validate that the proposed antenna achieves good 
performance of wide-angle scanning (125°) with a peak gain of 
11.8 dBi at a fixed frequency. 
 
Index Terms—Beam scanning, leaky-wave antenna, periodic 
structure, reconfigurable antenna, space harmonic. 
 
I. INTRODUCTION 
EAKY-WAVE antennas (LWAs) have attracted much 
interest in the electromagnetics community since the idea 
was proposed decades ago [1], [2]. It is a typical type of 
travelling-wave antenna with inherent features of frequency 
beam scanning, high gain, and low profile [3]. There have been 
extensive investigations on the LWAs with frequency-
dependent beam-scanning behavior from backward to forward, 
such as the periodic LWAs [4]-[10], and the composite 
right/left-handed (CRLH) LWAs [11]-[14]. However, most 
practical applications operate at specific frequency bands, such 
as radar detection, mobile communications and satellite 
communications. Therefore, the fixed-frequency beam-
scanning property would be preferred for antennas in these 
applications. To meet this demand, various principles and 
techniques have been proposed to realize fixed-frequency beam 
scanning [15]-[21]. In [15], a half-width microstrip LWA 
loaded with lumped capacitors at the open edge is proposed, and 
the main beam can be steerable when the capacitors are 
electrically tuned to change the phase constant along the LWA. 
In [16] and [17], Fabry-Perot (FP) leaky waveguides loaded 
with tunable high impedance surface are designed, and the 
resonant condition of the leaky mode is changed using varactors 
on the high impedance surface, producing steerable beams. In 
[18], a LWA with fixed-frequency beam-scanning ability is 
proposed based on a half-mode substrate integrated waveguide 
(SIW). The dispersion behavior can be changed by loading 
series and shunt varactor diodes. In [19] and [20] electronically-
scanning LWAs is presented based on a CRLH transmission 
line loaded with varactors. Continuous scanning can be 
achieved by tuning the biasing voltage of varactors to change 
the dispersion behavior. In [21] a corrugated microstrip line 
loaded with varactor diodes is presented, in which periodic 
modulation of surface impedance is employed, and beam 
steering is realized by controlling the biasing voltage on the 
varactor diodes. The reported research in [18]-[21] is mainly 
focused on the manipulation of the phase constant of the 
fundamental mode of the LWAs. 
In this paper, we present a method to achieve electronically 
controlled beam scanning by manipulating the period length of 
periodic LWAs, while the phase constant of the fundamental 
mode remains unchanged. Periodic LWAs are usually analyzed 
using the space harmonic method [3]. Multiple-harmonic 
radiation is often undesirable in a practical application, as 
multiple beams will be generated, and they cannot scan 
independently. Thus mono-harmonic radiation is usually 
favorable for practical periodic LWAs. However, the condition 
of mono-harmonic radiation can only be satisfied usually in a 
limited angular range. Therefore, in this paper, we present a 
new method of suppressing the higher-order harmonics for the 
purpose of extending the angular range of mono-harmonic 
radiation. Using this method, a wide scanning angle of 125° is 
achieved in the measurement of the fabricated antenna. 
The paper is organized as follows. In Section II the proposed 
antenna configuration and the mechanism of controlling the 
elements are described. In Section III the operation principle of 
the antenna is illustrated in detail using an ideal model, and a 
novel method for suppressing higher-order harmonics is 
developed. Then the activation states of the elements are 
summarized to produce intended steering beams. In Section IV 
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the antenna is fabricated and measured, and an FPGA 
controlling platform is developed especially for electronically 
controlled beam steering. Both simulated and measured results 
have validated the proposed concept and antenna design. 
Conclusions are drawn in Section V. 
II. CONFIGURATION OF ANTENNA AND ELEMENT 
The configurations of the antenna and the element employed 
are described in detail in this section. Then the basic operation 
principle of the element is illustrated. 
A. Antenna Structure 
The antenna configuration is depicted in Fig.1(a). The 
substrates 1 and 2 are Rogers RT/duroid 6006 (εr = 6.15), with 
thickness of 2.54 mm and 1.27 mm, respectively. The 
travelling-wave feeding structure is based on SIW, consisting 
of metal layers 1 and 2, and substrate 1, with waveguide width 
wg = 24 mm as depicted in Fig.1(b). The thickness of the copper 
(35 μm) is also considered in the model. Two rows of patch 
elements are located on metal layer 3 as radiating elements, and 
they are excited by the fields leaked out from the SIW through 
the coupling slots on metal layer 2. From Fig.1(b), it can be seen 
that there are 54 patch elements in total. The period for one row 
of elements is 10 mm. By introducing an offset of 5 mm for the 
other row, an equivalent period p0 = 5 mm in y direction is 
achieved, which is just half of the original period 10 mm. This 
is very favorable for the period reconfiguration for the periodic 
LWA, because the smaller the p0 is, the more lengths of the 
perturbation period P for the LWA can be achieved, providing 
greater flexibility to achieve steering beams. This will be 
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Fig. 1. Configuration of the LWA. (a) Overview (b) Top view 
 
B. Structure and Operation Principle of the Patch Element 
The structure of patch element is shown in Fig.2(a). There 
are two dumbbell-shaped slots symmetrically etched on the 
patch, and the patch is excited by an H-shaped coupling slot 
etched on the top of the SIW (metal layer 2). This patch has the 
advantage of smaller size compared with conventional patches. 
In recent years, inspired by metamaterials, a number of 
electrically-small antennas have emerged [22]-[23]. In addition, 
it is an efficient way to realize miniaturization by etching slot 
with different shapes on the patch [24]-[26]. In this paper, we 
adopt these ideas in the patch design for reducing the patch size. 
An equivalent capacitance can be introduced by the narrow slot 
of the dumbbell, and an equivalent inductance can be produced 
by the metal portion beside the ellipses of the dumbbell-shaped 
slot. Therefore, an equivalent circuit model can be obtained as 
shown in Fig.2(b), generating a resonance at a specific 
frequency. A parasitic strip is located beside the patch. The 
shorted post at one end of the strip increases the equivalent 
resonant length of the strip to generate strong coupling with the 
patch, yielding a drift to the patch resonant frequency. The 
second role of the shorted post is to be connected in parallel as 
a common electrode for the biasing of the PIN diode (BAR50-
02L) on the parasitic strip, which works as a binary switch. 
When the diode is forward biased (using a resistance of 4 Ω in 
the simulation), the switch in Fig.2(b) is on, and a strong 
coupling occurs between the patch and the parasitic strip, 
yielding a shift of patch operation frequency. On the other hand, 
if the diode is not biased (using a parallel connection of a 
capacitance of 0.08 pF and a resistance of 3.5 kΩ), the switch 
in Fig.2(b) is off, so the induced current on the parasitic strip is 
very weak, having little effect on the patch operating frequency. 
The DC biasing line is laid in x direction, and is broken into 
sections with two inductors (0402HP-8N7X), in order to choke 
RF currents on it, and to reduce the cross-polarization. 
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(a)                                                             (b) 
Fig. 2. Configuration and equivalent circuit of the element. (a) Element 
structure. (b) Equivalent circuit model. Structure parameters (mm): w1 = 12, w2 
= 2.55, w3 = 1.2, w4 = 1.1, w5 = 3, w6 = 0.2, l1 = 8, l2 = 0.1, l3 = 1.92, l4 = 2.2, l5 = 
2.1, l6 = 4. 
 
The radiated power from one element is depicted in Fig.3, 
obtained with input power of 1 mW. It can be seen that if the 
PIN diode is not biased (black curve), the operating frequency 
of the element is 5 GHz, where it shows a peak value of radiated 
power. If the PIN diode is forward biased (red curve), the 
operating frequency will drift to 5.2 GHz, while the radiated 
power at 5 GHz is very low, so it can be regarded approximately 
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as a non-radiative state at 5 GHz. Therefore, the binary element 
state can be switched between the activated state “1” (the diode 
is not biased) and the non-activated state “0” (the diode is 
forward biased), respectively. The advantage of this is that 
when the element is activated, the ohmic loss on the diode at 5 
GHz (black curve in Fig.3) is very low due to small current on 
the diode. When the element is not activated (the diode is 
forward biased), the loss on the diode mainly happens at other 
frequency, yielding a lower peak value at 5.2 GHz shown in the 
red curve. Therefore, the total loss at the operation frequency 5 
GHz can be limited at a controllable level. 
 
 
Fig. 3. Radiation efficiency of one unit cell when the diode is forward biased or 
not biased. 
 
From Fig.3 it can be observed that there is another peak at 
4.48 GHz when the diode is not biased, and at 4.58 GHz when 
the diode is forward biased, respectively. These peaks are 
caused by another resonant mode of the patch. Fig.4 shows the 
current on the patch at 5 GHz and 4.48 GHz, respectively, when 
the diode is not biased. It can be seen that the mode in Fig.4(a) 
resonating in y direction at 5 GHz is the main mode of the patch, 
while the other mode in Fig.4(b) is generated by the resonance 





(a)                                                     (b) 
Fig. 4. Current distributions on the patch when the diode is not biased. (a) 5 
GHz (b) 4.48 GHz. 
The proposed patch has both benefits and limitations. It has 
the advantages of more compact size, which is favorable to 
obtain more flexibilities for the period reconfiguration, and to 
achieve more beams to cover the full space. However, smaller 
bandwidth and higher loss may be caused as a result of the 
stronger resonance of the patch compared with the conventional 
patch. In addition, it may lead to more difficulties in the 
manufacture due to more complex structure of the element. 
III. PRINCIPLE ANALYSIS BASED ON IDEAL MODEL 
The radiation behavior of the periodic LWA presented in 
Fig.1 can be analyzed approximately using a point-source array. 
The array element is assumed to be isotropic for easy analysis. 
A. Analysis on Mono-Harmonic Radiation 
Periodic LWAs always have periodic aperture fields. Using 
the space harmonic theory, the periodic aperture fields can be 
expanded into infinite terms of space harmonics [3], [27], in 
which the fast waves can radiate while the slow waves are 
bounded to the antenna aperture as surface waves. The phase 







 = +                                 (1) 
where β0 and βn are the phase constants of the basic harmonic 
mode and nth order harmonic mode. Then the scanning angle for 






 =                                   (2) 
where θn is the beam direction of the nth harmonic, and k0 is the 
wavenumber in free space. Usually the n = -1 harmonic is 
selected to be the radiating mode, by choosing a slow-wave 
basic mode and a proper period length P. It is inferred from 
Eq.(1) that if P can be manipulated, one would be able to control 
the beam direction θn. 
The transmission behavior of the SIW in Fig.1 is similar to 
that of the rectangular waveguide. An equivalent waveguide 
width of 23.6 mm can be achieved according to Eq.(9) in [28]. 
TE10 mode is the only transmission mode based on the 
dimension of the SIW, with the phase constant β0 = 223.2 rad/m. 












,                                (3) 
we can get the mono-harmonic radiation condition as follows: 
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             (4) 
Substituting the values of β0 and k0 into Eq.(4), the mono-
harmonic condition is achieved as 19.2 mm < P < 38.3 mm. 
Fig.5 shows the relationship between the scanning angle θn and 
the periodic length P, obtained using Eq.(1) and (2) (four 
harmonics n = -1, -2, -3, -4 are shown). It can be seen that the 
mono-harmonic radiation region (in grey color) is P  (19.2 
mm, 38.3 mm), consistent with the result of Eq.(4), and the 
scanning range is from -90° to 34°. That is to say, if P is greater 
than 38.3 mm (θ-1 > 34°), the n = -2 harmonic will appear, and 
the mono-harmonic condition will be violated. In this case, 
therefore, the maximum scanning angle cannot break through 
the limitation of 34°. 
Within the mono-harmonic radiation region, the normalized 
beam-steering radiation patterns are depicted in Fig.6. The 
period length P must be an integer multiple of the element 
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period p0, so we select the values of P to be 4p0 (20 mm), 5p0 
(25 mm), 6p0 (30 mm), 7p0 (35 mm), 8p0 (40 mm), and 9p0 (45 
mm), respectively. It can be seen that the beams ⑤ and ⑥ have 
obvious n = -2 harmonics in -60° and -32°, respectively, since 
they are outside the mono-harmonic region. Therefore, using 
the n = -1 harmonic, only four beams (from ① to ④) can be 
generated before n = -2 harmonic occurs, with scanning angle 
range from -60°~25°. 
 
Fig. 5. Variation of the scanning angle θn and the periodic length P for the four 
harmonics. 
 








Fig. 6. Normalized radiation patterns of the point-source array when the period 
length P is changed. 
 
B. Method for Suppressing Higher-Order Harmonics 
In order to overcome the limitation of mono-harmonic 
radiation, a method for suppressing the higher-order space 
harmonics is developed in this section. The aim is to extend the 
mono-harmonic scanning range to the red region in Fig.5. This 
method will be useful to increase the beam-scanning range for 
a periodic LWA. 
The principle of the method is demonstrated in Fig.7. A new 
array of elements (in pink) is introduced in the structure, with a 
location shift ∆𝑦 from the original array (in red). Assuming that 
the nth harmonic is to be eliminated, we can obtain the phase 
relationship between the radiated fields of the original array and 
the newly added array in the beam direction of the nth harmonic 
as follows 
𝑘0∆𝑦𝑠𝑖𝑛𝜃𝑛 − 𝛽0∆𝑦 = ±(2𝑚 + 1)𝜋,    𝑚 = 0,1,2,3, …      
(5) 
where (2m+1)π means the phase difference is odd times of π. 




,        𝑛𝑠𝑢𝑝 = ±1, ±2, ±3, …           (6) 
where nsup is the order of harmonic that is to be suppressed. The 
values of y for different harmonics are summarized in Table I. 
Therefore, by introducing a newly added array with a location 
shift ∆y = ±
(2m+1)P
2nsup
 from the original array, the far-field 
radiation of the nsup harmonic can be eliminated. 
TABLE I 





















































For instance, if nsup = -1, a new array of elements should be 
introduced with a location shift of ∆𝑦 = ∓
𝑃
2
. Similarly, the 







, which is very useful for a common periodic 
LWAs to extend the scanning range of mono-harmonic to the 
red region in Fig.5. In addition, if n = -2 and -3 harmonics exist 
simultaneously, the suppression of nsup = -3 harmonic will help 
to add more mono-harmonic beams generated by n = -2 
harmonic. It can also be observed that all the odd-order 




full-space continuous scanning (from -90° to 90°) can be 
achieved through this method, if the isotropic sources are 
employed, and arbitrary period P is realizable. However, these 
two assumptions are difficult to achieve in practice. Therefore,  
the beam-scanning can be realized only in limited range, and 
the beams can only occur at discrete angles. 
 
 
Fig. 7. Sketch of the method for suppressing the higher-order space harmonics. 
 
The presented method can also be explained from the 
perspective of array factor (AF), as shown in Fig.8(a). Taking 
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the case of P = 8p0 as an example, we can choose seven 
radiating elements among the 54 elements of the LWA in Fig.1. 
This can be approximately equivalent to a seven-element array 
with element spacing P = 8p0 and series-feeding phase constant 
β0 = 223.2 rad/m, as shown in Fig.8(a) (marked in red). Then a 
new array (in pink) is introduced with a location shift ∆𝑦 from 
the original array. If these two arrays are regarded as two large 




 between the two elements. Therefore, the radiation 
pattern of the total array can be seen as the product of the 
patterns of the large “element” and the AF. 
Fig.8(b) shows the pattern of AF, while Fig.8(c) depicts the 
radiation patterns of the “element” and total array. In Fig.8(b) 
an obvious null in the direction θ = -60° can be observed in the 
AF pattern, corresponding to the beam angle of n = -2 harmonic 
in Fig.8(c). Therefore, the product of the patterns of element 
and AF will result in a null in the total array pattern in θ = -60°, 
which is verified in the red curve in Fig.8(c). Meanwhile, in 
Fig.8(c) the beam generated from n = -1 harmonic in θ = 39° is 
not influenced because the AF is 0 dB in θ = 39° as shown in 
Fig.8(b). In short, the beam of n = -2 harmonic can be 









Fig. 8. Explanation on the presented method for suppressing n = -2 harmonic 
from the perspective of array factor (P = 8p0 = 40 mm). (a) Sketch of the 
principle (b) pattern of the array factor (c) patterns of the element and the total 
array. 
 
Similarly, still taking the above case as an example, the 
method of suppressing n = -1 harmonic is verified using AF in 




from the original array, the newly constructed 1×2 array has 
an AF pattern as shown in Fig.9(a). It is obvious that a null is 
generated in the direction θ = 39°, corresponding to the beam 
angle of n = -1 harmonic in Fig.9(b). Thus the suppression of n 
= -1 harmonic is achieved in Fig.9(b). Meanwhile, in Fig.9(b) 
the beam of n = -2 harmonic in θ = 60° will be increased as a 
result of the AF in Fig.9(a). Therefore, the n = -2 harmonic 
becomes the only radiating mode, and mono-harmonic 
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Fig. 9. Explanation on the presented method for suppressing n = -1 harmonic 
(P = 8p0 = 40 mm). (a) pattern of the array factor (b) patterns of the element 
and the total array. 
 
Therefore, it can be concluded that this method is efficient to 
overcome the limitation of mono-harmonic radiation, and hence 
the mono-harmonic beam-scanning region in Fig.5 can be 
extended to the red region. 
 
C. Element Activation States and Scanning Properties 
In order to suppress a certain harmonic, different activation 
states can be chosen. Here we give two examples to illustrate 
the principle of elements activation. Assuming that “1” and “0” 
indicate the element is activated and non-activated, respectively, 
and there are 54 elements in total. 
⚫ Example 1: Suppressing n = -2 harmonic when P = 8p0 
Assuming we have two states of element activation as 
follows, with the same period P = 8p0. 
State 1: 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0… 
State 2: 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0… 
In the original array, there is one unit activated in each period 
of eight units (marked as “1” in black) in State 1, while there 
are two units activated in State 2. For both states, the newly 






 from the original array. So both states can 
generate the same normalized radiation pattern with suppressed 
n = -2 harmonic (the red curve in Fig.8(c)). However, the 
radiation strengths are different due to different amounts of 
activated elements. 
Using the method for suppressing the n = -2 harmonic, more 
beams can be achieved, extending the mono-harmonic radiation 
region into the red region in Fig.5. 
⚫ Example 2: Suppressing n = -3 harmonic when P = 15p0 
Although the scanning range has been extended using the 
method in Example 1, there is still more potential to achieve 
more beams to cover the full space, if mono-harmonic radiation 
can be realized by n = -2 harmonic. The case of P = 15p0 is taken 
as an example to show the method for suppressing the n = -3 
harmonic to realize mono-harmonic radiation of n = -2. 
The original state for P = 15p0 is as follows: 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 
The normalized radiation pattern under this state is shown in 
Fig.10 (black curve). It can be seen that the pattern has three 
obvious beams at θ = 32°, -16°, -90°, which are generated by n 
= -2, -3, -4 harmonics, respectively. Although the n = -4 
harmonic is still a non-radiative mode in Fig.5 when P = 15p0 = 
75 mm, it has already generated a strong backward lobe as a 
side lobe at θ = -90°. 
In order to realize the mono-harmonic radiation of n = -2 
harmonic, the n = -3 harmonic needs to be suppressed. It would 
be better if the lobe generated by n = -4 harmonic can be 
reduced at the same time. So the following four states are 
proposed for this purpose. 
State 1: 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 … 
State 2: 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 … 
State 3: 1 1 1 0 0 0 0 0 1 1 0 0 0 0 0 1 1 1 0 0 0 0 0 1 1 0 0 0 0 0 … 
State 4: 1 1 1 1 0 0 0 0 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 0 0 0 0 … 





 to suppress the 
n = -3 harmonic. The newly activated elements (marked as “1” 
in red) should have a location shift of 2.5p0 from the original 
array (marked as “1” in black). However, “2.5p0” is not an 
integer multiple of element spacing p0, so in State 1 we have 
two new elements activated within one period of 15 elements, 
to produce an equivalent “center” with a distance of 2.5p0 from 
the original activated element. Similarly, in State 2 there are 
three newly activated elements to generate an equivalent 
“center” with a distance of 2.5p0 from the “center” of the first 
two elements. The normalized radiation patterns generated by 
States 1 and 2 are illustrated in Fig.10(a). It can be observed 
that the beam of n = -3 harmonic at θ = -16° can be suppressed 
in both of these two states, but their radiation fields cannot be 
completely cancelled by each other in the beam direction of n = 
-3 harmonic. The reason is that the number of newly activated 
elements is different from that of the original elements. It is 
noted that the reduction for the radiation of n = -3 harmonic is 
only -8.2 dB in State 1, while it exhibits much better elimination 
in State 2. This is because that in State 2 the number of newly 
activated elements is relatively closer to that of the original 
elements (the number ratio is 3/2) than that in State 1 (the 
number ratio is 2/1), thus yielding a better result in State 2. 






employed to suppress the n = -3 harmonic, so the newly 
activated elements have a location shift of 7.5p0 from the 
original array. Similar to the above analysis, only the equivalent 
“centers” keep the spacing arrangement of y. The normalized 
radiation patterns generated by State 3 and 4 are illustrated in 
Fig.10(b). It can be observed that State 3 and State 2 (in 
Fig.10(a)) have the similar effects on the suppression of the 







  can be used to suppress the radiation of n = -3 harmonic. 
It is worth noting that in State 4 not only the n = -3 harmonic 
but also the n = -4 harmonic can be dramatically suppressed. It 
is because that in State 4 the first four elements can be divided 
into two groups, and the “centers” of the first two and last two 
elements have a spacing of 2p0, which is close to the 




1.875p0). Similar things happen to the newly activated three 
elements (in red). Therefore, the radiation of n = -4 harmonic 
can be suppressed to a certain extent in State 4. However, due 
to the distinction between the practical y and the desired y 
(1.875p0), the lobe of n = -4 harmonic cannot be completely 
eliminated. Finally we choose State 4 for the suppression of n 













Fig. 10. Normalized radiation pattern for suppressing n = -3 harmonic (P = 
15p0). (a) ∆y = 
P
6
  is employed in States 1 and 2. (b) ∆y = 
P
2
 is employed in 
States 3 and 4. 
Through the analysis of the above two examples, we can get 
the final activation scheme in Table II. For each period length 
P, by suppressing specific space harmonics, more beams can be 
achieved with mono-harmonic radiation. Totally 15 beams are 
selected to cover the scanning range, and each beam is marked 
with a sequence number to be easily distinguished. Fig.11 
shows the normalized radiation patterns of mono-harmonic 
steering beams. The directions for the beams are illustrated in 
Fig.12, showing a scanning range from -60° to 78°, which is 
much wider than that in Fig.8. Note that all the above analysis 
is based on the assumption of isotropic point source with omni-
directional pattern. If the radiation pattern of element is in other 
types, the scanning range will be reduced to some extent. 
In addition, it can be inferred that more beams can be 
generated if other non-integer period is chosen. On the other 
hand, if smaller element with smaller period p0 can be 
generated, it would bring more flexibility to achieve more 
beams in desired directions. 
 
 






⑥P=11p0 (nsup =-3) 
⑦P=6p0 
⑧P=13p0 (nsup =-3) 
⑨P=7p0 
⑩P=15p0 (nsup =-3) 
○11 P=8p0 (nsup =-2) 
○12 P=9p0 (nsup =-2) 
○13 P=9.5p0 (nsup =-2) 
○14 P=10p0 (nsup =-2) 




⑧ ⑨ ⑩ ○11  ○13  ○14  
 
Fig. 11. Beam-scanning normalized radiation patterns of the isotropic-point-
source array when the harmonic suppression method is employed (nsup is the 
order of the harmonic which is suppressed). 
TABLE II 
ACTIVATION STATES OF ELEMENTS FOR DIFFERENT BEAMS 
Beam sequence number Period length Activation States 
○1  P = 4p0 1 1 0 01 1 00 1 10 0 11 0 01 1 00 1 10 01 1 0 01 1 00 1 10 0 11 0 01 1 00 1 10 01 1 0 01 1  
○2  P = 4.25p0 1 0 0 01 0 00 1 10 0 11 0 00 1 00 0 10 00 1 1 00 1 10 0 01 0 00 1 00 0 11 0 01 10 0 0 10 0 
○3  P = 9p0 (nsup = -1) 1 0 0 01 1 00 0 10 0 01 1 00 0 10 0 01 10 0 0 10 0 01 1 00 0 10 0 01 1 00 0 10 00 1 1 00 0  
○4  P = 4.75p0 1 0 0 01 1 00 0 11 0 00 1 00 0 01 0 00 11 0 0 01 1 00 0 10 0 00 1 00 0 11 0 00 11 0 0 01 0 
○5  P = 5p0 1 1 0 00 1 10 0 01 1 00 0 11 0 00 1 10 00 1 1 00 0 11 0 00 1 10 0 01 1 00 0 11 00 0 1 10 0 
○6  P = 11p0 (nsup = -3) 1 1 1 00 0 11 0 00 1 11 0 00 1 10 0 01 11 0 0 01 1 00 0 11 1 00 0 11 0 00 1 11 00 0 1 10 0 
○7  P = 6p0 1 1 0 00 0 11 0 00 0 11 0 00 0 11 0 00 01 1 0 00 0 11 0 00 0 11 0 00 0 11 0 00 01 1 0 00 0  
○8  P = 13p0 (nsup = -3) 1 1 0 00 0 11 1 00 0 01 1 00 0 01 1 10 00 0 1 10 0 00 1 11 0 00 0 11 0 00 0 11 10 0 0 01 1  
○9  P = 7p0 1 1 1 00 0 01 1 10 0 00 1 11 0 00 0 11 10 0 0 01 1 10 0 00 1 11 0 00 0 11 1 00 00 1 1 10 0 
○10  P = 15p0 (nsup = -3) 0 0 1 11 1 00 0 01 1 10 0 00 1 11 1 00 00 1 1 10 0 00 1 11 1 00 0 01 1 10 0 00 11 1 1 00 0  
○11  P = 8p0 (nsup = -2) 0 1 1 11 0 00 0 11 1 10 0 00 1 11 1 00 00 1 1 11 0 00 0 11 1 10 0 00 1 11 1 00 00 1 1 11 0 
○12  P = 9p0 (nsup = -2) 0 0 1 11 1 00 0 00 1 11 1 00 0 00 1 11 10 0 0 00 1 11 1 00 0 00 1 11 1 00 0 00 11 1 1 00 0  
○13  P = 9.5p0 (nsup = -2) 1 1 1 10 0 00 0 01 1 10 0 00 0 01 1 11 00 0 0 00 1 11 0 00 0 00 1 11 1 00 0 00 01 1 1 00 0  
○14  P = 10p0 (nsup = -2) 1 1 0 10 0 00 0 01 1 01 0 00 0 00 1 10 10 0 0 00 0 11 0 10 0 00 0 01 1 01 0 00 00 0 1 10 1  
○15  P = 10.5p0 (nsup = -2) 0 1 1 11 1 00 0 00 0 11 1 10 0 00 0 01 11 1 1 00 0 00 0 11 1 10 0 00 0 01 1 11 10 0 0 00 0  
Note: 1) “1” respresents that the element is activated (the diode is not biased). “0” respresents that the element is non-activated (the diode is forward biased). 
2) The sequence of activation states coincides with the sequence number of elements in Fig.1(b). 
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Fig. 12. Beam-scanning angle of each beam. 
As a summary of this section, it can be concluded that the 
developed method for suppressing higher-order harmonics is of 
great significance to increase the beam-scanning range for 
periodic LWAs. This method has been verified by the ideal 
model of point-source array. In the next section this method will 
be employed in the practical periodic LWA. 
By the way, it is worth mentioning that this method is also 
suitable for the suppression of grating lobes in antenna arrays, 
since all the analysis is based on an array model. 
 
IV. RESULTS AND DISCUSSION 
In this section the radiation performance of the proposed 
element is analyzed and the experimental results of a whole 
LWA are reported in detail. The conductor and dielectric losses 
have been considered in the simulation. An FPGA module is 
developed for controlling the operation state of the antenna. 
Experimental results are also given as a verification of the 
presented antenna. 
A. Radiation Pattern of Element 
In Fig.2 due to the capacitance effect of the slot, the E field is 
mainly concentrated at the straight part with the length w2 in the 
dumbbell-shaped slot. Therefore, the radiation of the patch is 
closer to the radiation from the magnetic currents at the slot. 
The radiation pattern of the presented element at 5 GHz (when 
the diode is not biased) is shown in Fig.13. It is between the 
patterns of the isotropic point source (omni-directional pattern, 
black curve) and an infinitesimal electric current element 
source (blue curve). A very wide 3dB beamwidth of 148° can 
be observed in the pattern of the patch, which is important in 
achieving wide-angle beam scanning. 
 
Fig. 13. Comparison of normalized radiation patterns of the presented patch, 
isotropic-point source, and current element source. 
B. Antenna Measurement with an FPGA Controlling 
Platform 
The beam-scanning LWA developed in this paper is 
fabricated through PCB processing, and the prototype is shown 
in Fig.14. The substrates 1 and 2 are shown in Fig.14(a), 
together with the FPGA controlling platform. Fig.14(b) shows 
the top and back views of the assembled antenna. The two 
substrates are mounted on an aluminum base for easy 
measurement. Two rows of nylon screws are aligned along the 
edges for stability reinforcement. 
An FPGA platform is specially developed for controlling the 
antenna states. It is mounted on the bottom of an aluminum base 
for compact integration, as shown in Fig.14(b). An FPGA 
device (XC3S50AN-4TQG144C) is selected in the design. 54-
way voltage outputs are generated for controlling the 54 patch 
elements. Since all the diodes in the elements are connected in 
parallel in the biasing circuit, all the diodes share the same 
negative pole through the shorted post in each element in 
Fig.2(a), while the driving voltages are applied to the positive 
poles of diodes. 54 LED lamps are used for easily monitoring 
the activation states of diodes. Current-limiting resistors are 






Fig. 14. Phototypes of the fabricated antenna. (a) Antenna substrates and FPGA 
platform (b) Overall view of the antenna. 
C. Radiation Patterns and S parameters 
The normalized beam-scanning radiation patterns are 
achieved using the activation states in Table II, and the 
simulated results are shown in Fig.15. In total, 15 beams are 
achieved in a scanning range of 137° (from -52° to 85°). The 
broadside direction can be covered by the beam ⑥ (in black 
color). The measured radiation patterns are depicted in Fig.16. 
We found that for all the activation states, the operating 
frequency corresponding to the measured peak gain shifted to 
4.87 GHz. This can be attributed to the PCB processing 
inaccuracy. In addition, the chokes (inductors) operate as a 
parallel resonance of inductance and capacitance to generate 
very large impedance, while the adjacent parts on the board 
such as the solder joints have influences on the capacitance. 
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Therefore, the chokes may have not provided the ideal isolation 
of RF currents, thus impacting the operating frequency. As a 
result, the measured radiation patterns in Fig.16 are given at 
4.87 GHz. It can be observed that the measured scanning range 
is from -60° to 73°, showing a shift from the simulated scanning 
range. 
It is worth mentioning that in this design only 15 beams are 
shown for clearly exhibiting the beam-scanning performance of 
the presented antenna. In fact, more beams can be produced to 
cover a given angular range by choosing proper lengths for the 
period P of the LWA and using the developed method for 
suppressing undesirable harmonics in the meanwhile. This way, 
more steering beams at much denser angular intervals can be 
obtained. 
 






⑥P=11p0 (nsup =-3) 
⑦P=6p0 
⑧P=13p0 (nsup =-3) 
⑨P=7p0 
⑩P=15p0 (nsup =-3) 
○11 P=8p0 (nsup =-2) 
○12 P=9p0 (nsup =-2) 
○13 P=9.5p0 (nsup =-2) 
○14 P=10p0 (nsup =-2) 




⑧ ⑨ ⑩ ○11  ○13  ○14  
 
Fig. 15. Simulated results of the beam-scanning radiation patterns at 5 GHz for 
the period reconfigurable LWA. 
 






⑥P=11p0 (nsup =-3) 
⑦P=6p0 
⑧P=13p0 (nsup =-3) 
⑨P=7p0 
⑩P=15p0 (nsup =-3) 
○11 P=8p0 (nsup =-2) 
○12 P=9p0 (nsup =-2) 
○13 P=9.5p0 (nsup =-2) 
○14 P=10p0 (nsup =-2) 




⑧ ⑨ ⑩ ○11  ○13  ○14  
 
Fig. 16. Measured results of the beam-scanning radiation patterns at 4.87 GHz 
for the period reconfigurable LWA. 
The gain values in the main beam directions of all the 
patterns are shown in Fig.17. The simulated maximum gain is 
12.5 dBi corresponding to beam ⑦ in θ = 11°. The gain for the 
broadside beam ⑥ is 12.0 dBi, with a small degradation caused 
by a slight effect of open-stop band. The degradation of gain for 
steering beams does not exceed 3dB except the last beam ○15 . 
So the final 3dB scanning range is 130°, from -52° to 78°, which 
is depicted directly in Fig.18. All the measured gains in Fig. 17 
are obtained at 4.87 GHz due to the aforementioned reason. The 
measured gain is lower than the simulated gain, indicating a 
degradation smaller than 1 dB in most angles. The measured 
gain for the last beam also shows a degradation exceeding 3 dB, 
so the measured scanning range is 125°, from -60° to 65°, as 
shown in Fig.18. In Fig.17 the beam directions of measured 
gain have a shift to the left compared with the simulated result 
because of the shifted operation frequency, which can also be 
observed in the beam-scanning angles in Fig.18. 
In Figs.15 and 16 the side lobe levels (SLL) are not shown to 
avoid difficulty in distinguishing the patterns caused by the 
messy overlap of so many curves. So the SLLs of different 
beam-scanning patterns are supplemented in Fig.19. The SLLs 
for the beams ④ ~ ⑨ (from -20° to 27°) are lower than -10 dB, 
while they are lower than -7 dB for all the other beams. 
 
 
Fig. 17. The simulated gain at 5 GHz and measured gain at 4.87 GHz of each 
beam at the corresponding scanning angle. 
 
 
Fig. 18. The simulated and measured angles of the scanning beams. 
 
 
Fig. 19. The simulated and measured SLL of each beam. 
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It should be pointed out that, owing to the inherent dispersion 
characteristic of most leaky-wave structures, the beam direction 
of a leaky wave antenna will change over the operating band. 
For the antenna presented, the beam direction shifts are about 
6° in the boresight and this increases to about 9° for beams with 
the widest scanning angles when the frequency changes from 
4.9 GHz to 5.1 GHz. This means that the antenna is more suited 
for operating within a narrower sub-band, which is not 
uncommon for modern communications systems. Further 
research is needed to make the antenna suitable for broadband 
systems. 
Fig.20 shows the reflection coefficients of the LWA. In 
Fig.20(a) only five states are shown to demonstrate the behavior 
of the simulated reflection coefficients to avoid messy overlap 
of curves, and they are below -10 dB at the operating frequency 
5 GHz. The measured reflection coefficients are shown in 
Fig.20(b), and they are all under -10 dB at the operation 
frequency 4.87 GHz. The open-stopband effect is not obvious 
from Fig.20. The reason may be that in the two-layer-substrate 
structure, substrate 1 has a relatively large thickness, yielding 
to smaller reflection at each slot compared with that in a 
conventional single-layer LWA. In addition, according to the 
impedance analysis in [29], the H-shaped coupling slot on the 
top of the SIW in this paper is consisting of both transverse and 
longitudinal slots, which may have better impedance matching 
performance than that by simply using only one transverse slot. 
However, from Fig.17 a degradation of gain at broadside can 
still be observed even though the requirement of -10 dB has 
been satisfied in the reflection coefficients. Therefore, it can be 
inferred that by further optimizing the shape of the H-shaped 
coupling slot on the SIW, the impedance matching performance 
between the SIW, the slot and the patch element can be 
improved. In addition, there are some other method that may be 
adopted in this design, such as introducing a metallic post inside 
substrate 1 and beside the coupling slot as a tuning element 
(shunt inductance) to compensate the capacitance of the 
coupling slot for impedance matching [30]. By using these 
methods, it is expected that the open-stopband effect can be 
further suppressed, and the gain at broadside can be improved. 
From Fig.20(c), it can be found that the magnitudes of S11 for 
all the 15 states are below -10 dB at the operating frequency for 
both the simulated and measured results. The magnitudes of S21 
for the simulated results exhibit a fluctuation between -7 dB and 




State①:P=4p0       State⑩:P=15p0 (nsup=-1) 





State①:P=4p0       State⑩:P=15p0 (nsup=-1) 





COMPARISON OF THE PRESENTED AND REPORTED FIXED-FREQUENCY ELECTRICALLY SCANNING LWAS 




3dB scanning range Peak Gain (dBi) 
Simulated Measured Simulated Measured 
[16] Tuning on cavity resonant condition FP cavity 5λ0 linear 33° 25° 12.6 12.95 
[17] Tuning on cavity resonant condition FP cavity 5λ0 linear 
120° (not 
3dB) 
50° N/A 11.6 
[18] Manipulation on dispersion characteristic 
Half-Mode 
SIW 
3.25λ0 circular 92° 66° 11.3 9.89 
[19] Manipulation on dispersion characteristic CRLH 4λ0 linear 75° (not 3dB) 99° (not 3dB) N/A 18 (only broadside) 
[20] Manipulation on dispersion characteristic CRLH 2.8λ0 circular 58° 57° 6.34 6.15 
[21] Modulation on surface impedance Microstrip line 6~6.4λ0 linear N/A 45° N/A 8 
This work Reconfiguration of period length Slotted SIW 4.6λ0 linear 130° 125° 12.5 11.8 
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(c) 
Fig. 20. S parameters for the periodic LWA. (a) Simulated reflection 
coefficients. (b) Measured reflection coefficients. (c) S parameters 
corresponding to each beam. 
 
The attenuation constant α corresponding to each beam is 
calculated using the values of S21 (𝛼 ≈ − ln |𝑆21| 𝐿⁄ ), and the 
normalized result (α/k0) is depicted in Fig.21. It can be observed 
that the simulated result of α/k0 fluctuates around 0.03, which is 
relatively a small value, and is beneficial to achieve high 
directivity. The measured curve shows similar trend, but is a 
little higher than the simulated result. 
 
 
Fig. 21. Normalized attenuation constant α/k0 for each beam. 
 
In order to study the antenna efficiency, the power loss of the 
proposed LWA is investigated using full-wave simulation, and 
the results are shown in Fig.22. The total stimulated power for 
the antenna can be divided into four parts: (i) the power 
reflected at the input port (which can be calculated from S11); 
(ii) the power radiated into free space (which can be calculated 
from the integration of fields on the radiation boundary using 
HFSS full-wave simulation); (iii) the power absorbed at the 
terminal load (which can be calculated from S21); (iv) the power 
lost on the structure (including diodes, conductor, and 
dielectric), which is calculated by subtracting (i) (ii) (iii) from 
the total stimulated power. Fig.22 shows the power percentages 
of part (iii) and part (iv). It can be observed that the power 
absorbed at the terminal load (part (iii)) is still a little high, 
varying from 16% to 21% for different beam directions. The 
power lost on the diodes, conductor and dielectric (part (iv)) is 
around 40%-46%. The reason is that the resistance of the diodes 
generate high ohmic loss, and obvious losses will also be caused 
by the resonance on the copper patch and the loss tangent 
0.0027 of the dielectric substrates. Therefore, usually it is quite 
difficult to reduce the power loss of part (iv) in a practical 
antenna. In addition, it is difficult to calculate the losses on 
diodes, conductor and dielectric separately. So here we give a 
total percentage of part (iv). 
The antenna efficiency is also shown in Fig.22, varying from 
36% to 43%. There are some methods to increase the antenna 
efficiency: First, since there is still a certain amount of power 
remained at the end of the antenna (16%-21%), the S21 can be 
made much lower and the antenna efficiency can be improved 
if we increase the antenna length and add more patch elements; 
Second, the antenna efficiency can be improved if low loss 
dielectric and better diodes can be used; Third, by modifying 
the shapes of the coupling slot and the patch, it may increase 




Fig. 22. Power percentage and antenna efficiency for each beam. 
 
D. Comparison with reported antennas 
A comparison of the reported fixed-frequency electrically 
scanning LWAs with the presented one is given in Table III. It 
is seen that the presented LWA in this paper has the advantages 
of wide scanning angle and consistent gain through the 
mechanism of reconfigurable period length. 
 
V. CONCLUSION 
In this paper an SIW-based period-reconfigurable LWA 
loaded with 54 patches is presented with electronically 
scanning characteristics, and the operating mechanisms are 
discussed in detail. The operating state of each patch element 
can be controlled by the biasing of the PIN diode. The beam-
scanning is realized by dynamic manipulation on the period 
length of the LWA. A new method for suppressing the higher-
order harmonics is developed. Using this method, the mono-
harmonic scanning range can be significantly extended. The 
presented antenna is fabricated and measured. An FPGA 
platform is developed for electronically controlling beam of the 
antenna. The measured results show a wide scanning angle 
range of 125°. A 3dB consistent gain is obtained in this 
IEEE Transactions on Antennas and Propagation 12 
scanning range, with a peak gain of 11.8 dBi. It is demonstrated 
that the experimental results have verified the design concepts, 
and the performances of the antenna. The developed antenna 
shows attractive features, and is expected to find applications in 
future wireless communications systems. 
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